I. INTRODUCTION
In recent years "heterojunction with intrinsic thin layer" (HIT) cells have shown promising performance results. Much of their success is attributed to their ability to come closer than any other cell design to the theoretical open circuit voltage (V OC ) limit for silicon: 750 mV (HIT) and 875 mV (theoretical) [1] . This is largely due to the carrier selective contact (CSC) created by the "thin layer."
State-of-the-art HIT cells are created by depositing amorphous silicon on crystalline silicon substrates. However, amorphous silicon is a non-ideal carrier selective contact (strong absorption, poor conductivity, lack of options for both electron and hole CSC). The current cells use an indium-tinoxide (ITO) spreading layer to mitigate the poor lateral conduction. This has its own drawbacks, as many people in the solar industry are hesitant about large-scale indium usage.
The search for a more ideal carrier selective contact has the potential to yield HIT cells with V OC higher than the current record. One candidate material for an improved electron selective contact is gallium nitride (GaN). This is due to its low absorption of the solar spectrum (E G =3.4 eV), good electron mobility (µ n ≤440 cm 2 /V⋅s), and nearly identical electron affinity to silicon (χ Si = 4.05 eV, χ GaN = 4.1 eV) [2] [3] [4] . This paper will explore the use of GaN thin layers grown directly on silicon wafers of different orientations; emphasis will be placed on crystallographic quality of GaN and electronic properties of GaN thin film.
II. FILM GROWTH
A variety of different structures were grown, the list of permutations can be seen in Table 1 . The samples were fabricated on a double sided polished, high resistivity, ~ 300 micron thick, <100> crystalline silicon wafers. The amorphous silicon (a-Si) depositions were done in a conventional 13.56 MHz Applied Materials P-5000 multichamber plasma enhanced chemical vapor deposition (PECVD) system. Before the a-Si layers are deposited, the native oxide is removed through one minute dip in 1:10 buffered hydrofluoric acid (buffered HF), followed by rinse and drying in a spin-rinse dryer.
The a-Si depositions are done in two steps. In the first step, an approximately 12 nm of intrinsic a-Si is deposited on one side (Side A) under the following conditions (condition A); 60W power, 3.2 Torr pressure, 250° C temperature, 40 sccm and 200 sccm flows of silane (SiH 4 ) and hydrogen (H 2 ) respectively. In the next step, the crystalline silicon substrate is manually flipped and depositions are done on the other side (Side B). On Side B, first an approximately 12 nm of intrinsic a-Si is deposited with condition A, followed by a 25 nm deposition of p + doped a-Si under the following condition Wafers with and without a-Si layers were Los Alamos National Laboratory (LANL). deposition, wafers were cleaned using a buffered oxide etch, rinsed with deionized water, and dried with nitrogen. were placed directly into vacuum to inhibit the growth of a native oxide. Wafers were loaded into the growth chamber and heated to their respective growth temperature wafers scheduled to be nitridized were nitridized. This process is achieved by exposed surface to the nitrogen beam supplied by a plasma enhanced neutral nitrogen source. cleaning residual contaminants off the surface form an extremely thin SiN X , nitrogen terminat This nitride layer increases the epitaxial quality of subsequent III-N films.
Growth of GaN films was realized using a Ga SUMO cell and the aforementioned neutral nitrogen source. carried out for 10 minutes to achieve approximately film. This was targeted as a rough estimate amorphous silicon plus ITO thickness in a HIT cell.
In-situ diagnostics of reflection high energy electron diffraction (RHEED) and residual gas analyzer (RGA) were used to monitor the crystalline nature of the film surface and chemical reaction trends, respectively. were then shipped to Los Alamos National Laboratory (LANL). Prior to GaN ned using a buffered oxide etch, ried with nitrogen. These were placed directly into vacuum to inhibit the growth of a loaded into the growth chamber and growth temperatures. At this point nitridized. This process is achieved by exposed surface to the nitrogen beam supplied by a plasma enhanced neutral nitrogen source. In addition to residual contaminants off the surface, this step will , nitrogen terminated, surface. This nitride layer increases the epitaxial quality of subsequent Growth of GaN films was realized using a Ga SUMO cell and the aforementioned neutral nitrogen source. Growth was carried out for 10 minutes to achieve approximately a 100 nm of thickness for ITO thickness in a HIT cell. situ diagnostics of reflection high energy electron diffraction (RHEED) and residual gas analyzer (RGA) were crystalline nature of the film surface and chemical reaction trends, respectively. Structural measurements were performed using a ray diffractometer. Wide range 2θ scans of samples are shown in figures 2, 3, and 4. These diffraction patterns show that the GaN layers are oriented with their c-axis perpendicular to the surface, i.e. not fully polycrystalline. This is due to the absence of any peaks besides the (002) and (004) peak. The wide full width half maximum of the peaks makes it impossible t from hexagonal phases, since the (002) wurtzite peak sits at 34.56° 2θ and the (111) zinc-blende peak is at 34.46° 2θ. Fig. 2 . ω-2θ X-ray diffraction pattern 700°C on (110) and (100) oriented Si substrates. Diffraction peaks from the Si substrate and GaN film are lab artifacts of the measurement. w that the GaN layers are oriented with perpendicular to the surface, i.e. not fully polycrystalline. This is due to the absence of any peaks besides the (002) and (004) peak. The wide full width half maximum of the peaks makes it impossible to discern cubic from hexagonal phases, since the (002) wurtzite peak sits at blende peak is at 34.46° 2θ.
ray diffraction pattern are from GaN growths at on (110) and (100) oriented Si substrates. Diffraction peaks and GaN film are labeled. Small peaks are ray diffraction patterns of four different films each Intensities are all within an order but decrease with decreasing growth temperature, and present. Small peaks are artifacts ray diffraction patterns of five different films all . Only growth on the sapphire substrate shows a GaN (004) peak, indicative of the superior crystal quality of growing on sapphire vs. silicon. The second strongest intensity comes from 1062 sequent films are very weak in intensity, which agrees strongly with the poor RHEED diffraction mall peaks are artifacts of the measurement.
Samples have been optically measured using variable angle spectroscopic ellipsometry (VASE), a Perkin Elmer UV-Vis-IR, and a Sinton lifetime tester. VASE data estimates the thickness of 6 minute growth at 95 100 nm. Absorption coefficient has also been extracted fro VASE data and can be seen in figure 5. The band edge for the GaN on Si samples is about 40 nm lower GaN on sapphire sample. This band gap narrowing is likely due to poor crystal quality. In general the absorption for the GaN is all at shorter wavelengths than that present in the solar spectrum. The square of the absorption coefficient as a function of wavelength is plotted in figure 6. Transmittance and reflectance data, figure 7, show moderate reflectance across all wavelengths. This will need to be addressed in device structures to maximize current. Lifetimes where measured in air and with the wafers in hydrofluoric acid, and are listed in Table 1 . The Czochralski grown wafers all had short lifetimes on the order of a few microseconds. The float zone wafers were better, in hydrofluoric acid (tens of microseconds) and the amorphous coated wafers had lifetimes Samples have been optically measured using a Woollam variable angle spectroscopic ellipsometry (VASE), a Perkin-IR, and a Sinton lifetime tester. Fitting of data estimates the thickness of 6 minute growth at 95-100 nm. Absorption coefficient has also been extracted from igure 5. The band edge for the GaN on Si samples is about 40 nm lower compared to the GaN on sapphire sample. This band gap narrowing is likely due to poor crystal quality. In general the absorption for the that present in the solar spectrum. The square of the absorption coefficient as a Square of the absorption coefficient vs. wavelength. For almost all films the absorption is in the UV. None of these low edge of 365 nm.
Transmittance and reflectance data, figure 7, show moderate reflectance across all wavelengths. This will need to be addressed in device structures to maximize current. Lifetimes red in air and with the wafers in hydrofluoric Czochralski grown wafers all had short lifetimes on the order of a few microseconds. The float zone wafers were better, in hydrofluoric acid (tens of amorphous coated wafers had lifetimes of several milliseconds. This suggests that the float zone wafers are surface recombination limited, and proper interface passivation will be necessary for use of GaN in a HIT cell. The use of gallium nitride as an electron selective contact to improve the performance of a HIT cell is of interest. been grown on different silicon wafers from 80°C to 700°C with and without a-Si interlayers, and with and without nitridized surfaces. These films preferential orientation to the wurtzite c indicate that low temperature GaN still has a bandgap high enough to not incur parasitic absorption o Lifetimes are affected by growth of GaN directly on the substrates, but are unaffected when GaN is deposited on a This leads to the possibility of using GaN for a CSC and a TC while still utilizing undoped amorphous silicon for in passivation.
of several milliseconds. This suggests that the float zone wafers are surface recombination limited, and proper interface passivation will be necessary for use of GaN in a HIT cell. reflectance of 200°C GaN samples.
ONCLUSION
The use of gallium nitride as an electron selective contact to improve the performance of a HIT cell is of interest. GaN has been grown on different silicon wafers from 80°C to 700°C, interlayers, and with and without have shown unexpected preferential orientation to the wurtzite c-axis. Optical values indicate that low temperature GaN still has a bandgap high enough to not incur parasitic absorption of the solar spectrum. Lifetimes are affected by growth of GaN directly on the substrates, but are unaffected when GaN is deposited on a-Si. This leads to the possibility of using GaN for a CSC and a TC while still utilizing undoped amorphous silicon for interface 
